The mec-3 gene of Caenorhabditis elegans encodes a homeodomain protein and is expressed in one of two cells upon asymmetric cell division. As a result of asymmetric mec-3 expression, the two sister cells express different fates, so mec-3 is a likely target for the machinery that mediates asymmetric cell division. The unc-86 gene encodes a homeodomain protein of the POU family, which activates mec-3 by binding to its promoter. The ten mec-3-expressing cells are a subset of the anterior daughters of UNC-86-containing cells. Posterior daughters of UNC-86-containing cells do not express mec-3, even though the UNC-86 protein is distributed into both daughter cells. Lineages that express the unc-86 and mec-3 genes can be grouped into two types: in Type I lineages, UNC-86 protein is first made in the immediate parent of the terminal mec-3-expressing cell, while in Type II lineages, UNC-86 is first made in the grandparent of the terminal mec-3-expressing cell. The purpose of experiments presented here is to understand the relationship between the mec-3 expression patterns in each type of lineage, and to determine the fundamental activity pattern of the mec-3 promoter. We find that in the Type I VS.pa lineage, mec-3-1acZ is first synthesized in the terminal PVDR neuron, one cell division after unc-86 is expressed. mec-3 expression in PVDR can occur by transcriptional regulation alone; segregation of the mec-3 RNA or protein is not required to explain the asymmetric expression of mec-3. In the Type II Q lineage, the mec-3 promoter activity can be detected in the immediate anterior daughter of the first unc-86-expressing cell, but when this cell divides, mec-3 is expressed in only one of its daughters at later times. It seems likely that, in the short-lived immediate anterior daughter cell in Type II lineages, mec-3 product does not accumulate to levels that can influence subsequent events. Our results suggest that the mec-3 promoter is activated in all anterior daughters of unc-86-expressing cells.
Introduction
Asymmetric cell division is a fundamental mechanism for generating different cell types in multicellular organisms. Molecular mechanisms of asymmetric cell division have been studied in budding yeast and in the zygotes of Xenopus and Caenorhabditis elegans: in each case, a distinguishing regulatory factor is ultimately produced in only one of two daughter cells. In yeast, the HO gene is transcribed only in mother cells, even though its activator, Recently, Knoblich et ai. (1995) and Hirata et ai. (1995) observed that the Prospero homeoprotein is segregated during asymmetric cell divisions during Drosophila development. Prospero and probably also the functionally related Numb protein are required for proper gene expression in ganglion mother cells, as well as several other cell types (Doe et aI., 1991; Vaessin et al., 1991; Rhyu et aI., 1994) . Before a neuroblast divides, Numb and Prospero are localized to the membrane on the side of the cell from which the ganglion mother cell will emerge. When the cell divides, these proteins are inherited only by the ganglion mother cell (Knoblich et aI., 1995; Hirata et aI., 1995) . After mitosis, the Prospero protein translocates into the nucleus, where it then helps to determine the fate of the ganglion mother cell. However, the specific genes and promoter sequences to which Prospero might bind have not been identified.
The mec-3 gene of C. elegans is ideal for investigating mechanisms of asymmetric divisions that occur in the context of a multicellular animal: mec-3 contains a homeobox and determines the fate of ten mechanoreceptor neurons that are all anterior daughters of an asymmetric cell division; the posterior sisters do not express mec-3 and become interneurons or undergo programmed cell death (Sulston and Horvitz, 1977; Sulston et aI., 1983; Chalfie, 1988, 1989; Chalfie and Au, 1989) . These divisions are asymmetric as a result of differential mec-3 expression: in the pathway for touch cell determination, mec-3 is the last regulatory gene, and is necessary for expression of touch receptor-specific structural genes such as the mec-7 beta-tubulin and the mec-4 ion channel (Way and Chalfie, 1988; Driscoll and Chalfie, 1991; Hamelin et aI., 1992) . Anterior cell-specific expression of mec-3 appears to derive from a pre-existing asymmetry in the parent cell (Way et aI., 1992) . In principle, mec-3 expression in only anterior daughter cells could follow from segregation of the mec-3 RNA or protein, or from transcription of mec-3 in only anterior daughter cells.
mec-3 expression can be divided into two phases: initial establishment, followed by mec-3-dependent maintenance (Way and Chalfie, 1988; Way et aI., 1991) . The UNC-86 transcription factor is required for mec-3 establishment: in an unc-86 mutant, mec-3 is never expressed; the ten mec-3 cells are a subset of the 57 UNC-86-containing cells (Finney and Ruvkun, 1990) ; and the UNC-86 protein binds within three evolutionarily conserved sites at the mec-3 5' end (Regions I, II and III of Way et aI., 1991; Xue et aI., 1992 Xue et aI., , 1993 Wang and Way, 1996) . Each mec-3-expressing cell is an anterior daughter of an UNC-86-containing cell (Fig. lA) . UNC-86 protein is synthesized in the parent cell, then distributed into both anterior and posterior daughters, and is essential for both fates (Chalfie et aI., 1981; Finney and Ruvkun, 1990) .
Lineages that give rise to mec-3-expressing cells can be divided into two groups, depending on whether UNC-86 protein is first seen in the parent or grandparent of the terminal mec-3-expressing cell (Type I and Type II lineages in Fig. lA) . Experiments in this paper are aimed at understanding how these two distinct lineage types are generated, even though both use unc-86 and mec-3. Several questions arise. How are these lineages related? Between the two types of lineages, which cells are analogous? In addition, while prior work has led to a general description of the mec-3 expression pattern, the following specific questions remain to be addressed.
(A) It is not known when the mec-3 promoter is initially activated during development. Specifically, is the promoter active before or after the final cell division? (This has not been explicitly determined in prior work, although it is often diagrammed that mec-3 is only expressed after the final cell division; e.g. Finney and Ruvkun, 1990; Way et aI., 1991.) (B) The assignment of ten particular cells (ALMLIR, PLMLIR, PVDLIR, FLPLIR, and A VM and PVM) as expressing mec-3 is based on several criteria. These cells contain beta-galactosidase in animals carrying low-copy mec-3-1acZ transgenic arrays that are least likely to be subject to artifact. Function and/or ultrastructure of all of these cells is defective in mec-3 mutant animals (with the possible exception of the FLP cells, which have not been examined; Way and Chalfie, 1989) . Antibodies directed against the acidic C-terminus of mec-3 stain these cells by indirect immunofluorescence (J. Way and M. Chalfie, unpublished results) . There is no evidence that other cells, such as the posterior sisters of the canonical ten cells, express mec-3 by any of these criteria. However, Way et ai. (1991) noted that some mec-3-1acZ fusion constructions cause transient betagalactosidase synthesis in posterior sisters of the canonical mec-3-expressing cells in Type II lineages. Posterior sisters of mec-3-expressing cells in Type I lineages were not rigorously examined because one of these (the ALMI BDU lineage) occurs early in embryonic development, and in the other (the V5.paa lineage) the sister of the mec-3-expressing PVD cell undergoes programmed cell death. Use of a ced mutant strain, in which cell death is blocked, makes it possible to test whether the PVD sister can express mec-3-1acZ. In addition, it is unclear why certain mec-3-1acZ constructions might show ectopic expression in only Type II lineages.
(C) Way et ai. (1991) argued that the conserved Region I of the mec-3 promoter is sufficient as well as necessary to generate the cellular pattern of mec-3 transcription. However, as shown below, expression from the Region I-lacZ construct is entirely mec-3-dependent, indicating that the original interpretation was incorrect. Most likely, the beta-galactosidase synthesis pattern from that construct simply reflects the distribution of MEC-3 protein. Thus, conclusions about the sequences needed to generate the mec-3 pattern need to be re-examined. In addition, it is important to determine whether transcription alone is sufficient to generate this pattern. • <8>00 Fig. 1 . (A). C. elegans lineages that express mec-3 and unc-86 (Way and Chalfie, 1989; Finney and Ruvkun, 1990 2). The X-marked cell normally undergoes programmed cell death. These five cells all have small, compact neuronal nuclei, distinguishing them from the surrounding larger hypodennal and gut nuclei. On the left side of C. elegans, these cells are interdigitated with neurons from the Q lineage, while on the right side they are isolated from other neurons (Sulston and Horvitz, 1977) .
Results

Two types of lineages that express unc-86 and mec-3
In the following descriptions of cell lineages, cells are named according to the convention of Sulston and Horvitz (1977) : anterior and posterior daughters of a given cell are denoted by 'a' and 'p.' For example, the anterior and posterior daughters of the Q cell are Q.a and Q.p, the daughters of Q.a are Q.aa and Q.ap, etc.
The post-embryonic VS.pa lineage is a representative Type I lineage, producing the mec-3-expressing PVD neuron (Fig. 1 ). This lineage is elaborated symmetrically on the left and right sides of the animal. The PVDR cell can be identified in DAPI-stained animals independently of its ability to synthesize MEC-3-beta-galactosidase Fig. 2 . Expression of mec-3-lacZ fusion constructs in post-embryonic cell lineages of e. elegans. Transgenic animals were stained with X-gal and the nuclear fluorescent dye DAPI for 24 h (see Section 4), and photographed with bright-field or fluorescence illumination, or both. Anterior is to the left. Magnification is 2000x for panel E, lOOOx for other panels. (A) DAPI staining of an early L2 ced-4(nI162) animal carrying jeln2, showing descendants of VSR.pa before VSR.paap has divided. The arrow indicates a cluster of three neuronal nuclei and one slightly larger, less condensed nucleus that is the presumptive parent of PVDR. (B) Brightfield photograph of the same animal, showing a lack of X-gal staining. ((I) shows a ced-4; jeln2 animal after VSR.paap has divided.) (C) PVDR and related neuronal/glial cells in a late-L2 mec-3(u6) ced-3(n717) animal carrying pRI23-HS. The PVDR nucleus is indicated with an arrow; its DAPI fluorescence is largely blocked by the X-gal reaction product. The sister of PVDR, whose death is prevented by the ced-3 mutation (the 'undead' sister), is one of the four small nuclei immediately posterior to PVDR ( Fig. I C) ; this cell is not stained with X-gal. (D) PVM, stained with X-gal (arrow), in a late Ll animal carrying pRI23-HS. Apparent staining of the AVM and PVM cells can be observed during the mid-late LI stage, but definitive identification of these cells based on position and nuclear morphology alone is difficult at this stage. Staining of more than one cell in the region of AVM or PVM is never observed in animals carrying pRI23-HS. animal. An extra neuronal nucleus can be seen. (J) Descendants of VSR.pa in a ced-4 (n1l62); jeExIOO(=unc-86+++); jeln2 animal. Large arrows indicate the two X-gal-stained neuronal nuclei; small arrows indicate three unstained neuronal nuclei. A hypodennal nucleus can be seen ventral to the X-gal-stained nuclei and slightly out of the plain of focus.
protein. The PVDR neuron is the most anterior cell in a cluster of lineally related neurons and glia, which have distinctly small, compact nuclei as observed with DAPI (Figs. lB,C and 2). The posterior sister of PVDR normally undergoes programmed cell death, so expression of mec-3-lacZ fusions is here examined in a strain carrying ced-3(n717) or ced-4(n1l62) , which block programmed cell death (Ellis and Horvitz, 1986) .
The post-embryonic Q lineage is a representative Type II lineage (Fig. 1) , producing the mec-3-expressing PVM and A VM touch receptor neurons of the left and right sides of the animal, respectively. The QL and QR blast cells arise between the gonad primordium and the anus, but QR and its descendants migrate anteriorly from this position, so that A VM has an anterior position; QL moves little, so that PVM is generated in a posterior position (Sulston and Horvitz, 1977) (Fig. 1B) . Type II lineages are those in which an UNC-86-containing cell (e.g. Q.p in the Q lineage) divides to produce an anterior daughter, termed the 'intermediate cell' in this paper, that will divide again (e.g. Q.pa); the posterior daughter does not divide again and usually undergoes programmed cell death. The anterior daughter of the intermediate cell (e.g. Q.paa) is a terminal cell that will express mec-3 for the rest of the animal's life-span. The posterior daughter (e.g. Q.pap) does not normally express mec-3; these cells, which include AIZLIR, SDQLIR, and ALNLIR are termed 'Type II sisters' in this paper.
jeln2 is the canonical mec-3-lacZ fusion element (Way et aI., 1991) : it is an integration into chromosome IV of about SO copies of a 'wild-type' mec-3-lacZ fusion plasmid. From this element lacZ is expressed in only the ten cells that normally express the mec-3 protein itself. The mec-3-lacZ elements uEx4,jeln99,jeInS, andjeEx8 cause a distinct pattern of beta-galactosidase activity: expres- C. elegans carrying the integrated mec-3-lacZ fusion elements jeln2 or jeln5 and cell death-blocking mutations were synchronized at hatching, and stained after 18, 20.S, 23, and 2S h of development at 2SoC, when the VS.pa lineage is elaborated (Sulston and Horvitz, 1977) . From the pattern of DAPI staining ( Fig. 2A,I ), it is possible to distinguish between animals before (four cells) or after (five cells) the division of VSR.paap into PVDR and a programmed cell death. In all cases, only the anterior-most cell in the cluster (Le. PVDR) was stained, except for a single jeln2; ced-4 animal in which the PVDR posterior sister was also stained. Sample size is in parentheses.
sion is seen in the ten canonical mec-3-expressing cells, and also transiently in Type II sister cells. Once mec-3 is turned on in a given cell, mec-3 protein binds to its own promoter and positively regulates its own synthesis (Way and Chalfie, 1989; Xue et aI., 1992 Xue et aI., , 1993 . In a mec-3(-) mutant, a mec-3-lacZ reporter is expressed transiently in the correct cells, but expression is lost later in development. Thus, the pattern-determining establishment phase of mec-3 expression can be examined in a C. elegans strain carrying a mec-3-lacZ transgene and a chromosomal mec-3( -) mutation.
In the Type I VS.pa lineage, mec-3-lacZ is expressed after the final cell division
To determine whether mec-3-lacZ is expressed before or after the final cell division in a Type I lineage, ced-4(nl162); jeIn2 animals were synchronized and stained at various times of development during the elaboration of the VSR.pa lineage, which gives rise to PVDR (Table 1) . In a ced mutant strain, the number of times the VSR.pa cell has divided can be determined by counting the number of compact, neuronal nuclei in the posterior, lateral region of the animal (Fig. lC) : in particular, if the divisions are complete, five cells will be present (Fig. 21) ; before the final division, four cells will be present ( Fig.  2A) . Beta-galactosidase activity is only seen in cases where the VSR.pa cell has completed its divisions and five cells are present. Staining is seen in the PVDR cell, and only rarely in its 'undead' posterior sister (Tables 1  and 7 ). Animals carrying the mec-3-lacZ element jeInS also show beta-galactosidase activity in the PVDR cell but not its parent cell or its posterior sister, even though this element shows ectopic mec-3-lacZ expression in Type II lineages (Tables 1 and 3 ; see below).
Transcription mediates anterior cell-specific expression ofmec-3
Two previous observations suggested that Region I of the mec-3 promoter functions to establish mec-3 transcription (Way et aI., 1991) . First, deletion of Region I eliminates establishment transcription. Second, when Region I is placed in the context of a heterologous promoter, it can stimulate transcription in only mec-3-expressing cells for a brief period after these cells arise, suggesting that Region I is sufficient to generate the pattern of mec-3 expression. However, in the latter case, we find that the transcription stimulated by Region I is dependent on a chromosomal mec-3( +) gene, in addition to an unc-86( +) gene (see below). This result necessitates a reevaluation of the conclusion that the mec-3 pattern is determined exclusively by transcriptional elements.
A normal C. elegans HSP16 heat shock gene contains two HSEs that function cooperatively; elimination of one HSE abolishes transcription (Stringham et aI., 1992) . One , 1992) . pRI-HS contains upstream sequences of mec-3 from -603 to -288 bp. Regions I, II and III together include ail of the well-defined UNC-86 and MEC-3 binding sites (Xue et aI., 1992 (Xue et aI., , 1993 . The startpoint of the mec-3 mRNA is not known, but the longest mec-3 cDNAs begin at -68 bp relative to the mec-3 start codon (Xue et aI., 1992) .
HSE can be replaced with regulatory sequences from mec-3, so that mec-3 and heat-shock sequences functionally cooperate and the resulting construct is expressed in mec-3 cells upon heat shock of transgenic worms. (Nonspecific cooperative function is a common property of enhancers and does not imply that mec-3 transcription factors directly interact with heat-shock factors; Lin et aI., 1990.) pR1-HS contains Region I of the mec-3 promoter, a single heat-shock element and heat-shock TATA box from the C. elegans HSP16.25 gene, and a lacZ reporter. Upon heat-shock of larvae containing pRI-HS, betagalactosidase synthesis is seen in mec-3-expressing cells, but only transiently after the cells arise (Way et aI., 1991) : the A VM and PVM cells are optimally stained with X-gal after they arise at about 8 h of post-embryonic development, and the PVD cells are stained in mid-to late-L2 stages. For example, in pR1-HS-containing mec-3( +) animals synchronized at 11-13 h of post-embryonic development (heat shock 1 h, recover 1_5 h, n = 288 animals), 1.7% of the A VM cells, 16.3% of the PVM cells, and 2.4% of the PLM cells stained with X-gal, while in a population synchronized at 14-15 h of development and heat shocked, 0% of AVMs, 6.7% of PVMs, and 1.4% of PLMs were stained (n = 74).
Expression from pRI-HS depends on mec-3(+).
In a mixed population of larvae in the Ll and L2 stages, 4/28 pR1-HS-containing mec-3( +) animals showed Xgal staining of the A VM, PVM and/or PVD neurons, while 0/173 pRI-HS mec-3(u6) Ll and L2 showed staining in these cells. (Staining of the ALM and FLP cells was never observed in mec-3(-) larvae carrying pRl-HS.)
To retest whether transcription is sufficient to establish the mec-3 expression pattern, we examined transcription directed by pR123-HS (Way et aI., 1991) (Fig. 3) , which contains most of the mec-3 conserved upstream regions and all of the known MEC-3 and UNC-86 binding sites (Xue et aI., 1992 (Xue et aI., , 1993 . pR123-HS includes mec-3 sequences from -603 to -147 bp upstream of the start codon; the startpoint of mec-3 transcription is unknown, but the longest cDNAs begin at -68 bp upstream of the start codon (Xue et aI., 1992) . pR123-HS thus contains no mec-3 coding sequences and perhaps no portion of the mec-3 transcript. In the pRI23-HS construct, mec-3 sequences cooperate with the HSE to stimulate transcription (as shown below); thus, Regions I, II and III of the mec-3 promoter share at least some properties of transcriptional enhancers (Lin et aI., 1990) .
Upon heat-shock, the pR123-HS construct expresses beta-galactosidase in cells that normally synthesize mec-3 (Table 2) (Way et aI., 1991) . In a mec-3(+) strain, lacZ expression after heat shock can be seen in all of the canonical mec-3 cells throughout development. In a heatshocked mec-3(u6) mutant, pRI23-HS can express lacZ in mec-3 cells, but only for a brief period after the cells arise: by definition, this corresponds to the mec-3-independent establishment phase of expression. Specifically, AVM and PVM stain with X-gal during the late Llearly L2 stage, and PVD cells stain with X-gal in the late L2 stage. Expression of lacZ in the embryonic FLP, ALM, and PLM cells is almost undetectable after hatching (Table 2) . No expression was detected in the L3 and L4 stages (34 animals observed), without heat shock, or without the mec-3 promoter sequences (Stringham et aI., 1992 ) (data not shown).
To examine whether pRI23-HS shows correct anterior-posterior regulation, we examined the PVDR cell and its sister in a mec-3 (u6) ced-3(n717) strain. Of 18 L2 animals with staining in this cluster of cells, only the most anterior cell was stained in 17, while in only one case a strongly stained anterior cell and a weakly stained possible sister cell were observed. These observations indicate that Regions I, II, and III of the mec-3 5' end, functioning as a cooperating enhancer, mediate transcription specifically in the anterior daughter of the UNC-86-containing V5.pacell.
Activation of the mec-3 promoter in a type II lineage
Within the Q lineage, UNC-86 protein first appears in Table 2 mec-3 enhancers within pRI23-HS are sufficient to cause transcription in PVD and not its sister the Q.p cell (Finney and Ruvkun, 1990) (Fig. 1A) . Q.p divides into Q.pa and Q.pp at 6 h after hatching, and Q.pa divides again at 8 h, while Q.pp undergoes programmed cell death (Sulston and Horvitz, 1977) . In animals carrying the low-copy mec-3-lacZ element jeln2, betagalactosidase activity can only be detected in the Q.paa cell. We failed to observe lacZ expression in the QL.pa cell of jeln2 animals: among L1 larvae (e.g. all animals scored for Table 3 ), X-gal staining among the QL descendants is seen only in animals in which the P cell divisions in the posterior ventral nerve cord had begun. In synchronized populations of jeln2 animals, staining of QL descendants was observed after 10.5 h of development at 25°C (2/8 animals), but not after 6.5 or 8.5 h (0/16 and 0117 animals, respectively). Several mec-3-lacZ fusion elements, including uEx4, jeln99,jeln5, andjeEx8, direct beta-galactosidase expres- Table 3 sion in both Q.paa and Q.pap, and in the corresponding cells in other Type II lineages, but do not direct ectopic beta-galactosidase in Type I lineages (Table 3) (Way et aI., 1991) . This result could be explained if the mec-3-lacZ protein and/or mRNA is first synthesized in Q.pa and other 'intermediate cells' and then distributed into both daughter cells. To examine this issue, jeln99 and jeEx8 animals were synchronized at hatching and stained with DAPI and with either anti-beta-galactosidase antibodies or X-gal at about the time that the Q.pa cell divides (Table 4 ; Figs. 4 and 5). The precise developmental stage of animals in these populations was determined by examining the development of the ventral nerve cord (Sulston and Horvitz, 1977 ) (see Section 4). We find that at earlier times of development, when the Q.pa cell should be present, a single cell containing betagalactosidase can be seen in the region of Q.pa. At 62  3  94  3  79  0  69  0  100  31  100  6  55  43  96  71  84  32  32  18  98  47  97  45  31  10  96  62  43  13 To score beta-galactosidase expression in the PVD cells and their sisters (which normally undergo programmed cell death), animals carrying celldeath-blocking (ced) mutations were examined. To score the other cells, cede +) Ll animals were examined. jeln2, uEx4, and jeln99 contain different amounts of the same 'wild-type' mec-3-lacZfusion plasmid pTU28, whilejeln5 andjeExB harbor fusions with mutations in the mec-3 promoter (Table   7 ) (Way and Chalfie, 1989; Way et aI., 1991 jeln99 animals (n = 37) were synchronized at hatching and stained with DAPI and an anti-beta-galactosidase monoclonal antibody after 7 and 7.5 h of growth at 25°C (Fig. 4) . In a similar experiment, jeEx8 animals (n = 26) were synchronized at hatching and stained with X-gal (at 1.5 times the standard concentration) and DAPI after 7.5,8, and 8.5 h of growth at 25°C (Fig. 5) . Within such populations, animals can be distinguished at four slightly different stages of development, based on the nuclearlDAPI staining pattern: (1) those in which the P cells have not migrated into the ventral nerve cord, (2) those in which the P cells have migrated but not divided, (3) those in which the P cells have divided once, and (4) those in which the P cells have divided more than once (Sulston and Horvitz, 1977 slightly later times, when Q.pa should have divided, two beta-galactosidase-containing cells are observed (Table 4; Figs. 4 and 5). In addition, among jeIn99 animals stained with anti-beta-galactosidase antibodies, we observed two cases of a dividing cell in metaphase that was stained; this result indicates that MEC-3-beta-galactosidase protein is synthesized before formation of the non-dividing Q.paa and Q.pap cells (Fig. 4C,D) . mec-3-lacZ expression in the Q.pa cell is weaker than in Q.paa and Q.pap. It is difficult to detect betagalactosidase activity in Q.pa using standard X-gal staining conditions, even though Q.paa and Q.pap can both be readily detected under these conditions; animals shown in Fig. 5 were stained with 1.5 times the standard X-gal concentration. The immunofluorescence signal in antibodystained jeIn99 animals is weak in Q.pa, becomes stronger as this cell divides, and is strongest after two cells have formed (Fig. 4) .
Is ectopic mec-3-lacZ expression due to titration of a cellular factor?
Observation of ectopic beta-galactosidase activity in Type II sister cells from certain transgenic mec-3-lacZ arrays could result from uniformly increased expression levels or gene dosage. For example, it may be that subthreshold levels of mec-3-lacZ are synthesized in Type II sisters from the low-copy element jeIn2, and when the mec-3-lacZ dose is increased, beta-galactosidase levels in all cells are increased proportionally. Alternatively, there may be a factor that limits mec-3-lacZ expression or activity, and higher levels of the mec-3-lacZ transgene could lead to titration of this factor; such a factor might repress mec-3 transcription or segregate the MEC-3 protein as the intermediate cell divides.
The uEx4 element, which contains the 'wild-type' mec-3-lacZ fusion, expresses beta-galactosidase in Type II sister cells at a low frequency (Table 3) . If the uEx4 element trans-activated the chromosomal mec-3 gene in Type II sister cells, then the chromosomal mec-3 gene should in turn activate both itself and the mec-3-lacZ fusion. As a result, the frequency of X-gal-stained Type II sister cells should remain constant as animals develop. However, the observations in Table 5 show that the frequency of X-gal-stained Type II sister cells decreases with age, suggesting that expression of mec-3-lacZ from uEx4 in these cells is driven only by the establishment phase of mec-3 expression.
In a second test, we examined whether the mec-3-lacZ element jeIn5 could cause the chromosomal mec-3 gene to be expressed in Type II sisters. Activation of the chromosomal mec-3 gene was monitored using the mec-4( d) mutation, which causes degeneration of cells in which it is expressed (Herman, 1987; Way and Chalfie, 1988; Driscoll and Chalfie, 1991) . (Degeneration of the PLM cells and their sisters is the most convenient to measure, because degeneration of the A VM and PVM cells occurs rather asynchronously, and because mec-4 is repressed in the FLP cells.) Increased gene dosage of mec-3 itself causes expression of mec-4( d) in additional cells in the tail, presumably because mec-3 is now expressed in these cells (Way and Chalfie, 1988) . However, the jeIn5 element, which directs ectopic lacZ expression in Type II sisters, does not appear to cause degenerations of the ALN cells (Table 6 ), suggesting that expression of the chromosomal mec-3 gene is not induced by this transgene in the ALNs.
One hypothesis is that the two LIM domains within mec-3 limit its expression upon asymmetric cell dIvision; LIM domains have been found in cytoskeletal proteins (Sadler et aI., 1992) , and could mediate protein segregation. (The mec-3-lacZ fusion elements jeIn2, jeIn5, uEx4, and jeln99 encode proteins consisting of the mec-3 LIM domains fused to beta-galactosidase.) The LIM domains could mediate segregation of the fusion protein, and if the fusion protein were overproduced, the excess LIM domains could titrate a cellular factor involved in protein segregation. To test these possibilities, the LIM domains were deleted from the standard mec-3-lacZ fusion. From pTU28, the mec-3 bp 2301-3154 were deleted to remove exons 2-4, which encode all of the first and half of the second the LIM repeat of mec-3; exon 1 can now be spliced in frame to ex on 5. The resulting lacZ fusion protein is not expressed in Type II sister cells at a particularly high frequency: in jeEx95 transgenic L1 animals, 85% of the PLM cells contained beta-galactosidase, but only 3% of the ALN cells and none of the other Type II sister cells showed beta-galactosidase activity (n = 70 cells of each type). When stained with anti-beta-galactosidase antibodies, stained cells in jeEx95 animals had immunoreactive material in the cytoplasm and neuronal processes, as well as the nucleus, of the mec-3-expressing mechanoreceptors; mec-3-lacZ fusion proteins from other constructs were entirely localized to the nucleus. In addition, an otherwise intact mec-3 gene containing a deletion of bp 2301-3154 failed to rescue a mec-3(u298) mutant for touch sensitivity. These results suggest that the LIM domain of mec-3 is not involved in protein segregation, though it may have other roles in function of the MEC-3 protein.
Taken together, these results suggest that ectopic betagalactosidase protein seen in Type II sister cells is simply due to increased protein levels and increased sensitivity of detection. We cannot rule out the possibility that the as- Fig. 4 . Expression of mec-3-lacZ in the QL.pa cell of je1n99 animals, as visualized with anti-beta-galactosidase antibodies. A population of jeIn99 animals was synchronized at hatching and fixed after 7.5 and 8 h of development at 25°C. Animals were stained with commercial antibeta-galactosidase monoclonal antibodies and DAPI according to the procedure of Finney and Ruvkun (1990) , using fluorescein-conjugated secondary antibodies. Anterior is to the left. The region shown extends from the gonad primordium (left) to the pre-anal ganglion (right). (A) Antibody staining of the QL.pa cell. (8) DAPI staining of the same animal shown in (A) This animal is viewed ventrolaterally, so that the nuclei of the ventral nerve cord can be seen at the bottom of the animal. The P cells have entered the cord, but have not begun to divide. Note that the stained cell has a nucleus (arrow) that is larger than the compact neuronal nuclei in the ventral nerve cord, which is consistent with the fact that the stained cell is not a non-dividing neuron. (C) Antibody staining of the QL.pa cell as it divides. Antibody staining is not seen in a disk in the center of the cell, which corresponds to a metaphase plate. (D) DAPI staining of the same animal as in (C) . showing that the DNA of the dividing cell (arrow) is concentrated in a metaphase plate. In the population of animals described in Table 4 , two QL.pa cells were in metaphase. (E) Antibody staining of QL.paa and QL.pap. (F) DAPI staining of the same animal as in (E), showing the neuronal-sized nuclei of the two stained cells (arrows). In this animal, the P cells in the ventral nerve cord had divided once. says used were not sensitive enough to observe induction of the chromosomal mec-3 gene, or that titration of positive regulators of mec-3 also occurred and prevented induction of mec-3. Fig. 5 . Expression of mec-3-lacZ in the Q.pa cells of ajeEx8 animal. Anterior is to the left. (A) Bright-field illumination of an X-gal-stained animal staged at 7-7.5 h of development. The ventral aspect is viewed. so that the QL.pa cell is on the upper surface (arrow) and the QR.pa cell is on the lower surface (anterior to the bilaterally symmetric stained ALM cells). (B) DAPI-stained fluorescent nuclei of the animal shown in (A) illustrating that the P cells have not all migrated into the nerve cord and begun dividing. Several ventral nerve cord nuclei are indicated with small arrows; the most posterior nucleus in the gonad primordium is indicated with a large arrow. In a newly hatched e. elegans larva. there are six neuronal nuclei between the gonad primordium and the pre-anal ganglion. At about 8 h of development. four P cells (P7-P10) migrate into this region of the ventral nerve cord. At 9 h of development. these four P cells divide, so that 14 nuclei are in the nerve cord between the gonad primordium and the anus at this time. (C) A similar animal staged at 9 h of development. The left lateral aspect is viewed. Arrows indicate the stained PVM and SDQL cells. (D) DAPI-stained fluorescent nuclei of the animal shown in (C), illustrating that the P cells have migrated into the nerve cord and divided once. Several ventral nerve cord nuclei are indicated with small arrows; the most posterior nucleus in the gonad primordium is indicated with a large arrow.
Increased gene dosage ofunc-86 causes ectopic expression ofmec-3-lacZ in a type I lineage
Some experiments in the preceding sections make the following assumption: that a cell whose death is blocked by ced-3 or ced-4 still has the potential to express mec-3-lacZ. It is possible, however, that a cell committed to dying might as a consequence be unable to express mec-3, even if death itself is blocked. The following experiments indicate that such an 'undead' cell can express mec-3-lacZ.
jeExlOO is an extrachromosomal element generated by co-injection of the unc-86( + )-bearing cosmid AA1 (Finney et aI., 1988) and the 'Roller' plasmid pRF4; it contains about 60 copies/genome of the unc-86 gene. In one sample ofjeIn2; jeExlOO (unc-86+++); unc-86(n846) animals, an extra mec-3-lacZ-expressing cell appeared adjacent to 28% of the PLM cells, 2% of the PVD cells, 8% of the A VM and PVM cells, and 0% of the ALM cells To distinguish between these possibilities, we examined the PVDR cell and its sister in jeln2 ; jeExlOO strains with and without a ced-4(nl162) mutation (Fig.  2G-J) . (Animals carrying jeExlOO show increased levels of UNC-86 protein as determined by immunofluorescence staining; R. Baumeister and G. Ruvkun, pers. comm.)
The sister of the PVDR cell will express mec-3-lacZ in response to jeExlOO (unc-86+++) ( Table 7) . At a low frequency (3%), an extra mec-3-expressing cell adjacent to PVDR is seen in a ced( +) ; jeExlOO strain. When this occurs, there are five neuronal nuclei in the PVDR cluster, suggesting a transformation into a mec-3-expressing cell of the PVDR sister, which normally undergoes programmed cell death. When cell death is blocked with a ced-4(n1162) mutation, the frequency of ectopic mec-3-lacZ cells increases to 41 %, indicating that in the presence of a high unc-86 gene dose, the PVDR sister can often express mec-3-lacZ if it does not first undergo programmed cell death (Fig. 2J) .
Discussion
This paper examines the pattern of activation of the mec-3 promoter in C. elegans. Previous work showed that the mec-3 gene requires the UNC-86 protein to be expressed, and that the ten terminal mec-3-expressing cells are a subset of the 57 cells containing the unc-86 protein.
Once the MEC-3 protein is produced in certain cells, it activates its own synthesis by binding cooperatively with UNC-86 to the mec-3 promoter (Way and Chalfie, 1989; Finney and Ruvkun, 1990; Way et aI., 1991; Xue et aI., 1992 Xue et aI., , 1993 . Way et aI. (1991) noted that each mec-3-expressing cell is the anterior daughter of a cell containing UNC-86 protein. Experiments presented here examine two types of lineages in which mec-3 and unc-86 are expressed (Fig.  1) . In 'Type I' lineages, a cell containing UNC-86 protein divides exactly once, and its anterior daughter expresses mec-3. In such lineages, the distribution of MEC-3 protein probably derives entirely from activation of the mec-3 promoter in the anterior daughter cell. In 'Type II' lineages, the cell containing UNC-86 protein divides, its anterior daughter divides again, and the mec-3 gene is ultimately activated in the anterior-most granddaughter cell. For Type II lineages, we find that the mec-3 promoter activity can be detected at some level in the initial anterior daughter cell, although mec-3 gene activity is not normally seen in the posterior daughter of this intermediate cell.
In the simpler Type I lineage, the UNC-86-containing cell divides once, and a mec-3-lacZ marker is expressed only after the cell divides, and only in the anterior daughter. In the V5.pa lineage (Fig. lA,C) , UNC-86 protein is first expressed in the V5.paap cell and then distributed to both non-dividing daughter cells (Finney and Ruvkun, 1990 ). (By convention, 'a' and 'p' denote anterior and posterior daughter cells produced by sequential divisions; Sulston and Horvitz, 1977) . Several different mec-3-lacZ fusions are expressed in the PVD neuron (the V5.paapa cell), but not in the parental V5.paap cell and only rarely in the posterior daughter cell (Tables 1, 3 and 7; Fig. 2A,B,I ). (This cell, V5.paapp, normally undergoes programmed cell death, so its fate was observed in mutants blocked in cell death.) In addition, a construct containing mec-3 upstream sequences fused to a heat shock enhancer, heat-shock TATA element and lacZ is expressed only in the PVD neuron and not in its parent cell or posterior sister (Table 2, Fig. 2C ). Animals carrying this construct accumulate beta-galactosidase in the PVD cell after heat shock, indicating that the mec-3 sequences are functioning as enhancers that can cooperate with the heat shock element. This result indicates that in a Type I lineage, activation of enhancers within the mec-3 promoter is sufficient to generate the mec-3 expression pattern, and that segregation of mRNA or protein need not be invoked. Thus, both the mec-3 and unc-86 products behave differently from the Drosophila Pro spero protein, which is actively segregated during asymmetric cell division (Hirata et aI., 1995; Knoblich et aI., 1995) .
In Type II lineages (Fig. lA) , the initial UNC-86-containing cell divides twice and only its anterior-most granddaughter cell ultimately expresses mec-3. How can this be reconciled with the idea that anterior daughters of unc-86 cells express mec-3? Synthesis of MEC-3 protein in the first anterior daughter (the 'intermediate cell;' e.g. Q.pa; Fig. 1 ) would presumably result in its distribution into two granddaughter cells (e.g. Q.paa and Q.pap).
Three pieces of evidence suggest that in Type II lineages, the mec-3 promoter is activated before the final cell division, in the immediate anterior daughter of the initial UNC-86-containing cell termed the 'intermediate cell' (see Generic Type II Lineage in Fig. 1) . First, within the Q lineage, this intermediate cell (Q.pa) expresses betagalactosidase in animals carrying certain mec-3-lacZ fusion constructs (Figs. 4 and 5, Table 4 ). Expression can be seen in cells that have a metaphase plate, indicating that mec-3-lacZ is expressed before the final cell division. Second, increased dose of mec-3-lacZ results in betagalactosidase expression in both progeny of the anterior daughter cell. When a mec-3-lacZ fusion is present in very high copy number, beta-galactosidase protein is seen in both daughters of the intermediate cell in all Type II lineages, but the expression pattern is unaffected in Type elegans were grown at 25°C and stained with X-gal and OAPI (Section 4). Stage of development was determined from the size of the gonad. The FLP and AIZ cells were not examined, because in late larval and adult e. elegans, mec-3-lacZ fusions are expressed in AIZ or some nearby cell (Way and Chalfie, 1989) . In these experiments, 88-100% of the ALM and PVO cells and none of the BOU cells were stained in each stage. *The one 'ALN cell' was an ectopic beta-galactosidase-containing cell adjacent to PLM and not in the more dorsal and anterior position of ALN; this may represent a genuine transformation of some other nearby cell into a PLM. Thus, within the entire set of L3 to adult data set, 2% of the animals appeared to show a duplicated PLM cell; a similar frequency was noted by Way et al. (1992) , and this may represent a natural frequency of error in the normally reproducible e. elegans lineage.
I lineages (see Section 2; Table 3 ). Third, mec-3-dependent genes can be expressed, at some level, in both progeny of the intermediate cell. In the Type II lineage that produces the mec-3-expressing PLM cell and its sister ALN (Fig. 1) , the limitation of mec-3 activity to the anterior PLM cell may be incomplete, since the ALN neuron also sometimes expresses the mec-3-dependent genes Table 6 mec-7 (Hamelin et aI., 1992) and probably mec-4 (Way and Chalfie, 1988) .
If the mec-3 promoter is activated in the intermediate cell in Type II lineages, why does mec-3 not ultimately become activated in both daughters of this cell? It may be that the mec-3 protein (or mRNA) is synthesized in the intermediate cell and then segregated into its anterior daughter. Alternatively, even though the mec-3 promoter is activated in the intermediate cell, transcription may be simultaneously repressed by some undiscovered factor. According to either of these models, a high gene dosage of mec-3-lacZ fusion DNA or protein might lead to titration of such a factor, resulting in ectopic expression in Type II lineages. Finally, it may be that the mec-3 promoter is activated late in the cell cycle of the intermediate cell, and very little mec-3 protein and mRNA is synthesized before this cell divides. (As Type II lineages are elaborated, the intermediate cell exists for only about 90 min; Sulston and Horvitz, 1977; Sulston et aI., 1983.) If an injected plasmid array with increased mec-3-lacZ dosage titrates an inhibitory cellular factor (rather than simply increasing beta-galactosidase levels), then such an array should also cause a trans-dominant derepression of the chromosomal mec-3 gene. However, there was no evidence of ectopic expression of the chromosomal mec-3 gene in the presence of the mec-3-lacZ arrays uEx4 or jeInS, even though these element direct ectopic synthesis of beta-galactosidase (Tables 5 and 6 ).
The preceding results are consistent with the simple model that mec-3 protein and mRNA do not accumulate to biologically significant levels in the intermediate cell; and that the division of the intermediate cell, which contains UNC-86 protein, proceeds as in a Type I lineage and results in mec-3 expression in the intermediate cell's anterior daughter. Observation in certain transgenic animals of MEC-3-beta-galactosidase protein within the intermediate cell or its posterior daughters may simply follow from increased transcription or translation, and there is no evidence for a specific repression mechanism. However, In young e. elegans carrying the mec-4(d) mutation, degeneration of the two PLM cells in the tail can be observed with Nomarski optics Way and Chalfie, 1988) . If the chromosomal mec-3 gene were induced in the ALN cells by the presence ofthejeln5 elemell' then these cells would be expected to express mec-4(d) and degenerate. However, additional degenerations are not observed in the tails of jeln5; mec-4(d) animals as compared to mec-4(d) animals. In this experiment, animals were observed within 5 h after hatching. Examination of younger populations indicated that additional degenerations were not occurring at earlier times (data not shown).
this interpretation is tentative, since the experiments herein simply failed to find a repression mechanism, rather than proving that one does not exist. Way et al. (1991) argued that mutation of specific promoter sequences caused a defect in a repression mechanism, resulting in ectopic mec-3-lacZ expression. Data present here offer no support for the existence of repressor binding sites in the mec-3 promoter, and instead suggest that promoter mutations that cause mec-3-lacZ expression in additional cells may simply cause increased levels of beta-galactosidase production. Finney and Ruvkun (1992) noted that within the Q lineage, when the UNC-86-containing Q.pa cell divides, UNC-86 protein is initially present in both daughter cells but disappears from the posterior SDQ cell after several hours. This phenomenon was not observed in other Type II lineages, and so is unlikely to explain the pattern of mec-3 expression in these lineages. However, the disappearance of UNC-86 protein in this posterior daughter cell might reflect a differential modification of UNC-86 between anterior and posterior cells that could also result in differential activation of the mec-3 promoter.
These experiments support the idea of Way et al. (1991) that the mec-3 promoter is activated in anterior daughters of UNC-86-containing cells. All of the previously described mec-3-expressing cells follow this rule. In wild-type C. elegans hermaphrodites, there were only two apparent exceptions, in which well-defined UNC-86-containing cells produce anterior daughters that might not express mec-3. Both exceptional cases can now be explained: the Type II lineages, as described above; and the T lineage, in which an UNC-86-containing cell divides and produces no mec-3-expressing daughters because mec-3 is apparently repressed by the sem-4 product (Mitani et al., 1993; M. Basson and H.R. Horvitz, personal communication; J. Way, unpublished results) . Thus, the fundamental activity pattern of the mec-3 promoter is to be expressed in anterior daughters of UNC-86-containing cells.
The expression pattern of mec-3 could result from the Table 7 Expression of mec-3-lacZ in response to increased unc-86 gene dosage -3-lacZ; unc-86( +++) 3 mec-3-lacZ; ced-4(-) 7 mec-3-lacZ; unc-86(+++); ced-4(-) 41 combined action of UNC-86 and a protein such as Drosophila Prospero, a homeodomain protein that is segregated into one daughter cell upon asymmetric cell division (Doe et al., 1991; Hirata et al., 1995; Knoblich et al., 1995) . In the accompanying paper (Wang and Way, 1996) , we argue that another protein must bind to the mec-3 promoter adjacent to UNC-86. If this second factor were segregated into anterior daughter cells in C. elegans lineages, and bound cooperatively with UNC-86 to the mec-3 promoter, this would be sufficient to explain the pattern of mec-3 expression.
Experimental procedures
Genetic methods
C. elegans genetic manipulations were performed as described in Brenner (1974) . Genetic crosses using extrachromosomal plasmid arrays were performed as in Way and Chalfie (1988) .
Transgenic plasmid arrays
Arrays used in this study are summarized in Table 8 . jeln2 is an integrated mec-3-lacZ fusion element containing 50 copies per genome of the mec-3-lacZ fusion plasmid pTU28, as well as the 'Twitcher' plasmid pPDlO,41. It was derived by gamma-ray-mediated integration of the extrachromosomal element uEx4 (Way and Chalfie, 1989; Way et al., 1991; Fire et al., 1990) .jeEx99 and je1n99 also contain pTU28 and are marked by the 'Roller' plasmid pRF4 (Mello et al., 1991) . jeln99 was generated from jeEx99 by gamma-ray-mediated integration as described in Way et al. (1991) . je1n99 recombines freely with all markers tested and presumably is integrated on a chromosome tip. jeln5 and jeEx8 are similar to jeln2, but contain different mec-3-lacZ fusion plasmids with mutations in the 5' region of mec-3. jeEx19 contains pRI23-HS, which has a hybrid mec-3-heat shock hybrid promoter that is transcribed only in mec-3-expressing Late L2-to adult-stage e. elegans carryingje1n2, with and without the ced-4(n1l62) mutation and a cosmid array carrying the unc-86(+) gene, were grown at 25°C and stained with X-gal and DAPI (Section 4). When the unc-86 gene dosage is high, an ectopic mec-3-lacZ-expressing cell is produced adjacent to PVDR, but only when cell death is blocked by ced-4(n1l62). The ectopic cell presumably is the PVDR sister, which normally undergoes programmed cell death, since it is revealed by the ced-4 mutation. unc-86( +++) indicates the jeEx100 element, which has about 60 copies/genome of a cosmid carrying unc-86( +). *Data from Way et aI., 1991. cells upon heat-shock (Way et aI., 1991) (Fig. 3) . jeEx22 contains pRI-HS, which is similar to pR123-HS but contains only Region I of the mec-3 promoter. jeEx95 contains pLIMdel-Z, a mec-3-lacZ fusion plasmid in which the LIM domains of mec-3 have been deleted as follows. From the mec-3 plasmid pTU48 (Way and Chalfie 1989) , pJW89-2-23 was generated by BAL31 deletion from the unique non-methylated ClaI site at bp 2432 within mec-3, followed by insertion of a Notl linker; pLIMdel-Z was derived from pJW89-2-23 by deletion of the Notl-BamHI sequences from bp 2301 to 3154; lacZ was then inserted into the XhoI site in the mec-3 homeobox, analogously to the construction of pTU28 (Way and Chalfie, 1989) . jeExlOO contains the unc-86( + )-containing cosmid AAI (Finney et aI., 1988) , coinjected with pRF4. The cosmid AAI was provided by A. Coulson.
Determination of copy number in transgenic arrays
Copy numbers of mec-3-lacZ fusion plasmids within transgenic C. elegans were determined by Southern blots in which C. elegans DNA was digested with EcoRI, which cuts upstream of the essential mec-3 promoter sequences and at the 3' end of the lacZ gene; an internal mec-3 fragment was used as a probe. This digestion determines the number of intact mec-3-lacZ fusion sequences present. Five-fold serial dilutions of DNAs from transgenic and wild-type animals were run on an agarose gel before blotting. Copy number of the high copy array jeln99 was also estimated by comparison of intensity with the ribosomal DNA on ethidium bromide-stained agarose gels; the two methods gave similar estimates (within a factor of three). Before genomic DNA was prepared from Table 8 Injected plasmid arrays and mutations used in this study Array/mutation non-integrated transgenic lines, a sampling of about 100 worms was examined to see what fraction carried the array, and a correction factor was introduced.
We have not found it possible to reproducibly generate transgenic animals carrying less than 100 copies of mec-3-lacZ per genome. Thus, when a mec-3-lacZ plasmid containing a mec-3 promoter mutation is injected into C. elegans and causes ectopic beta-galactosidase activity, it is often difficult to say whether the ectopic expression results from altered promoter activity or high mec-3-lacZ gene dosage.
Staining procedures
Staining of transgenic C. elegans with the betagalactosidase substrate X-gal (5-bromo, 4-chloro, 3-indolylgalactoside) and the nuclear fluorescent dye DAPI (diaminophenylindole) was carried out as described (Fire et aI., 1990; Way et aI., 1991) . Unless otherwise indicated, animals to be stained with X-gal were grown at 25°C. When grown at this temperature, C. elegans develops slightly faster than at 20°C, the temperature at which the timing of developmental events has been described (Sulston and Horvitz, 1977; Sulston et aI., 1983 ). The transgenic animals described here generally carry the 'Twitcher' plasmid pPDlOAl (Fire et aI., 1990) , which causes animals to develop slightly more slowly than wildtype, so that at 25°C, a 'Twitcher' animal develops approximately as fast as a wild-type C. elegans at 20°C. However, there is significant variation from animal to animal, so that the developmental stage of each animal must be inferred by events such as migration or division of P cells in the ventral nerve cord. Antibody staining was performed according to Finney and Ruvkun (1990) Way and Chalfie, 1989 This work (Section 4) Way et al., 1991 Wayetal.,1991 Wayetal.,1991 Wayetal.,1991 This work This work Ellis and Horvitz, 1986 Ellis and Horvitz, 1986 Xue et aI., 1993 , Driscoll and Chalfie, 1991 anti-beta-galactosidase antibodies purchased from Gibcol BRL.
Growth of transgenic C. elegans at 25°C increases the sensitivity of the X-gal staining procedure. For example, Way et al. (1991) reported that uEx4 animals grown at 20°C contain beta-galactosidase only in the ten canonical mec-3-expressing cells, while in Tables 3 and 5 , uEx4 animals grown at 25°C show beta-galactosidase activity in Type II sister cells as well as a greater staining efficiency; this difference is presumably due to the growth temperature of the animals.
The developmental stage of C. elegans populations were synchronized as follows. At T = 0 h, a plate containing a mixed population of worms was held under flowing water to wash away all but the eggs, which stick to the plate. At T = 1 h, newly hatched L1 larvae were picked to a separate plate and incubated at 20 or 25°C.
Initially synchronized populations become asynchronous as they grow, and animals grown at 25°C need to be examined for developmental events whose timing has been characterized in detail at 20°e. In the experiments on expression of mec-3-lacZ in Q.pa described in Figs. 4 and 5 and Table 4 , jeEx8 and jeln99 animals were synchronized at hatching and stained with DAPI and respectively with X-gal or anti-beta-galactosidase antibodies after 7, 7.5, 8, or 8.5 h of growth at 25°C. The developmental stage of animals in these populations was determined by examining the number of nuclei in the posterior ventral nerve cord, which indicates that the P neuroblasts have migrated into the cord and begun dividing. Four classes of animals can be distinguished: (1) those in which the P cells have not migrated the ventral nerve cord, (2) those in which the P cells have migrated but not divided, (3) those in which the P cells have divided once, and (4) those in which the P cells have divided twice or more. According to Sulston and Horvitz (1977) , at about 8 h of development at 20°C, when the Q.pa cell divides, the P blast cells are entering the ventral nerve cord, but have not begun to divide. The first and second divisions of the P cells occur at about 9 and 11 h of development at 20°C (Sulston and Horvitz, 1977) .
Heat shock treatment of C. elegans was performed as follows. Animals to be heat-shocked were raised at 20°e. Plates were wrapped in parafilm, floated in a 34°C waterbath for 1 h, and then transferred to a 25°C incubator for a 1 h recovery before staining. For animals that were heat-shocked, the times of development stated in Section 2 and in Table 2 are the times at which heat shock was initiated.
Data cited in Section 2 about lacZ expression in the PVD cells in mec-3(u6) ced-3(n717) animals carrying pRI23-HS was pooled from two sources: staged animals examined as described in Table 1 , and a large mixed population of animals in which unstained animals were not counted. All data sets shown are independent of each other and of previously published data sets, except that a single scoring of PVDR cells in je/n5; ced-3 animals is shown in Tables 1 and 3 .
Analysis of cell staining patterns
General criteria of Way and Chalfie (1989) and Way et al. (1991) were followed. The FLP/AIZ and PLM/ALN sister pairs both occur in clusters of neurons such that identification by DAPI staining alone is not possible. When only one cell in a region stained, it was scored as the mec-3 cell and not the sister. To compare expression patterns in jeln2 and je/n99 strains for the PVD cells and their sisters, late-L2 stage animals carrying either a ced-3(n717) (for jeln99) or ced-4(n1162) (for jeln2) were stained (Table 3 ). (It is not possible to combine ced-3(n717) and jeln2 because both are on the right arm of chromosome IV and jeln2 suppresses distal recombination events.) For Table 3 , other mec-3-expressing cells were scored in cede +) animals during the Ll stage.
An additional mec-3-lacZ-expressing cell is sometimes observed in the region of AIZ, the FLP sister cell, in late larval and adult animals (Way and Chalfie, 1989) . For this reason, it is not possible to score ectopic expression of mec-3-lacZ in AIZ during late stages of development.
Occasionally, the undead PVD sister will express mec-3-lacZ in transgenic ced (-) animals. This expression appears to be a distinct phenomenon from expression in Type II sisters, and most likely results from the undead cell adopting a mec-3-expressing fate, rather than from inheritance of the unstable mec-3-lacZ protein from the mother cell. Inje/n2; ced-4(-) animals of all stages, about 7% of the undead PVD sisters express mec-3-lacZ; i.e., expression does not decrease during development and is apparently maintained (Tables 1, 3 and 7, and data not shown). In addition, animals carrying the elements jeln5, jeEx8, and jeln99 also show mec-3-lacZ expression in at most 7% of undead PVD sisters, even though these transgenic animals show increased expression in Type II sisters. Fate determination in undead cells is known to be variable: the undead NSM sister will adopt the NSM fate in an apparently stochastic manner (A very and Horvitz, 1987) .
Technical note on use of mec·3·heat shock hybrid promoters Experiments presented in this paper illustrate both the usefulness and limitations of mec-3-heat-shock hybrid promoters. The inference of the sufficiency of transcriptional regulation can be made in part because the mec-3 sequences used in pR123-HS can cooperate with a heatshock enhancer, indicating that the mec-3 sequences themselves are functioning as enhancers and not as part of a transcript (Table 2 and Section 2). However, establishment expression from pRI23-HS is difficult to detect. Heat-shock is known to disrupt protein synthesis and other cellular processes, and so it may be difficult to observe transient events. In particular, mec-3 establishment might require synthesis of a short-lived protein, whose synthesis or activation could be disrupted by heat shock. On the other hand, upon heat-shock of a mec-3(+) strain, UNC-86 and MEC-3 proteins would presumably be already present on the DNA of pR123-HS.
Heat-shock could also disrupt cell division, which could explain why beta-galactosidase is never seen in both A VM/PVM and SDQ; heat-shock of pR123-HS animals during the Q lineage would always show a single cell expressing beta-galactosidase: Q.pa and Q.paa could transcribe lacZ, but Q.pap would not, and cell division would be frozen between the onset of heat-shock and the fixing and staining of the animals.
